. Abbreviations : 5-ALA, 5-aminolaevulinic acid; PBG, porphobilinogen; UROGEN, uroporphyrinogen ; COPROGEN, coproporphyrinogen ; PROTOGEN, protoporphyrinogen; PROTO, protoporphyrin. (1976) .
Media. Bacteria were grown in brain heart infusion (BHI, Difco) or on brain heart infusion agar (1.5 to 2 %, w/v; Difco). The synthetic medium was Simmons agar base (Difco), supplemented with the required growth factors and 0.4 % (w/v) glucose.
Chemicals.
Organic solvents for the extraction and identification of porphyrins were reagent or USP grade. Peroxides were removed from diethyl ether as desribed by Perrin et al. (1966) . Porphyrin methyl esters and porphyrin precursors were obtained from Sigma and were Sigma grade. Free porphyrins were obtained by hydrolysis of the corresponding methyl esters as described by Falk (1964) . Biuret reagent was obtained from Hycel, Houston, Tex., U.S.A., and the human protein standard was obtained from Dade, Miami, Fla., U.S.A. Neomycin sulphate was obtained from Sigma.
Selection of haem-deficient mutants. These were selected by neomycin as described previously (SBsBrnian et al., 1970) .
Extraction and identification ojporphyrins in bacterial cultures. Two different types of cultures were used for the extraction of porphyrins: (i) bacteria grown for 72 h at 37 'C on 2 % BHI agar in Roux bottles; (ii) bacteria grown aerobically overnight in BHI at 29°C. At the end of the incubation period, bacteria were harvested from the first type of culture by washing the agar with saline and then centrifuging. The supernatant and the bacterial pellet were extracted separately. Porphyrins were extracted by the ether-cyclohexanone method (Dresel et al., 1956; Kennedy, 1956) , as adapted for bacteria (SLishrman e r d., 1975). * The amount of porphyrins extracted from the supernatant of ultrasonically disrupted cells was normalized to 500 mg protein ml-l.
From the second type of culture, bacteria were harvested by centrifugation and then disrupted in an ultrasonic cell disintegrator (model Biosonik 111; Bronwill Scientific, Rochester, N.Y., U.S.A.). The preparation was then centrifuged for 40 min at 14000g in the cold. Porphyrins were extracted from the supernatant by ethyl acetate/acetic acid (3: 1, v/v) (Falk, 1964; Sano & Granick, 1961) followed by cyclohexanone, the latter step being identical in both methods.
The yield of porphyrins was calculated using the molar absorption coefficients for free porphyrins, with the corrections recommended by Rimington (1960) and Porra & Falk (1964) .
Porphyrin synthesis in bacterial extracts. The cell-free supernatant prepared from disrupted bacteria (see above) was used immediately or stored at -20°C. The protein content of the bacterial extracts was determined by the biuret method (Layne, 1957) ; it varied from 20 to 35 mg ml-I. For the determination of in vitro porphyrin synthesis, PBG was used as a precursor. The reaction mixture contained 1.0 ml extract in 0.1 M-Tris/HCl buffer (pH 8.2), 3.3 m -E D T A and 500 nmol PBG, and was incubated aerobically for 4 h in the dark at 29 "C. Porphyrins were extracted by the ether-cyclohexanone method as previously described (SWrman et al., 1975) .
COPROGEN ZZI oxiduse activity in bacterial extracts. COPROGEN 111 was prepared by reducing COPRO I11 with sodium amalgam (Sano & Granick, 1961) . COPROGEN 111 oxidase activity in bacterial extracts was determined by a modification of the method of Sano & Granick (1961) .The reaction mixture contained 1-4ml extract in 0.1 M-Tris/HCl buffer (pH 7.2), 0.9 % (w/v) KCI, 20 m -E D T A and 100 nmol COPROGEN 111, and was incubated aerobically for 1 h at 38°C in the dark. Porphyrins were extracted and identified as described by Sano & Granick (1961) .
Ferrochelatase activity in bacterial extracts. Ferrochelatase activity was determined as described by Porra & Jones (1963). The reaction mixture contained 1.0 ml extract, 200 nmol potassium phosphate buffer (pH 7.8), 30 nmol reduced glutathione, 1 % (v/v) Tween 80, 400 nmol FeSO, and 200 nmol PROTO IX, in a final volume of 4.2 ml. It was incubated anaerobically at 37 "C for 2 h. Haem was determined at the end of the incubation period as described by Porra & Jones (1963) .
Assoy of catalase activity. Catalase activity was determined as described by Herbert & Pinsent (1948) .
Mapping of the hemGgene. This was done by phage P1-mediated transduction (Lennox, 1955) . The phage lysate was irradiated by an optimal dose of ultraviolet light (Wilson, 1960) in order to increase the low frequency of transduction obtained with haem-deficient recipients.
R E S U L T S
Biochemical study of the mutunt Strain SASX38 is a spontaneous haem-deficient derivative of E. coli K12 Hfr Cavalli, selected by neomycin. Its growth on normal media is slow and results in the formation of dwarf colonies. After several days of incubation, the colonies acquire a red fluorescence in ultraviolet light (365 nm), due to the accumulation of porphyrins.
The extraction and identification of the porphyrins accumulated by SASX38 showed the presence of only URO and COPRO in bacteria incubated for 72 h (Table 2) . However, when porphyrins were determined in extracts of 14 h cultures, PROTO was also found, in addition to URO and COPRO. Under the same conditions, the parental strain Hfr Cavalli did not accumulate porphyrins (results not shown). The absence of PROTO from the extracts of bacteria incubated for 72 h (Table 2 ) may be due to the conversion of PROTO to haem, rather than to its inactivation (see Discussion). Porphyrin synthesis in extracts of SASX38 was less efficient than in extracts of the parental strain (Table 3) . Thus the accumulation of porphyrins cannot be due to a derepression of the early hem genes.
A, S~S~R M A N A N D O T H E R S
COPROGEN I11 oxidase and ferrochelatase activities in extracts of SASX38 were similar to the corresponding activities of the parental strain. Hence, the accumulation of porphyrins cannot be attributed to a deficiency of the ferrochelatase.
The catalase activity of SASX38 was very low compared with that of the parental strain (Fig. 2) . In spite of the normal ferrochelatase activity of the mutant (Table 3) , very little haem was synthesized.
Mapping of the hemG gene The results of the transduction experiments (Table 4) show that hemG is located very close to CMB (frequency of cotransduction 78.7%), between the metE and rha markers (Fig. 3 ).
This location corresponds to 85 min on the chromosomal map of E. coli K12 (Bachmann ct al., 1976) . Analysis of classes of transductants did not allow the deduction of the relative order of the lwmG and chlB genes. Fig. 3 . Location of hem genes on the chromosomal map of E. coli K12 (Bachmann et al., 1976; Chartrand et al., 1979; Powell et nl., 1973; SMrman et al., 1975; Siisiirman et al., 1968a; SGsBrman et al., 19686) ; designations proposed for pop genes are in parentheses.
D IS CUS SI 0 N Hem+ strains do not accumulate porphyrins under normal growth conditions due to a very efficient regulatory mechanism, involving haem as the main effector (Lascelles, 1975) . However, porphyrins accumulate in bacteria when the synthesis of haem is deficient. Only the intermediates which precede the mutation accumulate and hence the pattern of accumulation reflects the site of mutation.
The extraction of porphyrins from strain SASX38 showed that it accumulates URO, COPRO and PROTO. This may be due to mutations in two different genes. The better known of the two is the gene of ferrochelatase which is responsible for the insertion of iron into the molecule of PROTO IX to give protohaem. The corresponding gene has already been mapped in E. coli K12 Powell et al., 1973) , and its location is different from that found in strain SASX38. Moreover, the ferrochelatase activity of SASX38 is normal which indicates that the accumulation of porphyrins cannot be due to a deficiency of this enzyme. The second gene whose mutation could also lead to the accumulation of PROTO is that of PROTOGEN IX oxidase. This enzyme is responsible for the oxidation of PROTOGEN IX to PROTO IX, and it was isolated only recently (Poulson & Polglase, 1975) . PROTOGEN IX oxidase activity has been detected directly in extracts of E. coli by Jacobs & Jacobs (1975 , 1976 (Table 2) . However, indirect evidence strongly supports the assumption that the mutant is deficient in PROTOGEN IX oxidase activity. Indeed, the accumulation of PROTO IX associated with normal ferrochelatase activity is paradoxical, unless the accumulation is that of PROTOGEN IX. Since PROTOGEN IX cannot be utilized by ferrochelatase to produce haem, it will accumulate in cells. During the extraction of porphyrins by organic solvents, PROTOGEN IX is readily oxidized to PROTO TX, which explains the results of theextraction experiments. Hence, due to the auto-oxidation of PROTOGEN IX during extraction, both a PROTO-GEN oxidase-deficient mutant and a ferrochelatase-deficient mutant would accumulate PROTO. However, ferrochelatase activity would be normal in a PROTOGEN oxidasedeficient mutant, but absent in a ferrochelatase-deficient mutant. On this basis, we consider that strain SASX38 is a PROTOGEN IX oxidase-deficient mutant (Fig. 1) .
The PROTOGEN IX oxidase deficiency of the mutant also provides an explanation for the disappearance of PROTO in cultures incubated for 72 h (Table 2 ). In long-term cultures of the mutant, PROTOGEN IX is oxidized spontaneously to PROTO IX, which in turn is converted to haem by ferrochelatase. This haem is probably the source of the small amount of catalase activity found in 48 h cultures of the mutant.
According to the nomenclature proposed earlier (Siisiirman & Desrochers, 1976), the gene affected in strain SASX38 was designated hemC. The results of the mapping show that hemC is located very close to chlB, but analysis of classes of transductants did not allow us to determine the relative order of the hemG and chlB genes. Thus, the real sequence in this segment could be metE chIB IkmG rha or metE hemC chlB rha (Bachmann et dl., 1976) .
The location of the newly identified hemG gene (see Fig. 3 ) confirms the well known dispersion of hem genes on the chromosome of E. coli K12 Powell et al., 1973; Siisiirman et al., 1975 Siisiirman et al., , 1968a . One exception to this rule could be the contiguity of the hemD (Chartrand et al., 1979) andpopE (Powell et al., 1973) genes, as was suggested for the equivalent genes in S. typhimurium (Siisiirman & Desrochers, 1976) . However, the published data Powell et al., 1973) do not allow an assessment of the contiguity of these two genes in E. coIi K12, and further study would be necessary to clarify this point.
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